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3D Printed Auxetic Structure-Assisted Piezoelectric Energy

Harvesting and Sensing
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The fast development of wearable electronic systems requires a sustainable
energy source that can harvest energy from the ambient environment and
does not require frequent charging. Piezoelectric polymer films are a perfect
candidate for fabricating piezoelectric nanogenerators (PENGs) to harvest
mechanical energy from the environment due to their flexibility, good
piezoelectricity, and environmental-independent stable performance because
of their inherent polarization. However, most of their applications are limited
to the pressing mode energy harvesting that is based on the 3-3-direction
piezoelectric effect due to the molecular polarization and nonstretchability. In
this work, by 3D printing an auxetic structure on a polymer film-based PENG,
the bending deformation of the PENG can be transformed into the
well-controlled in-plane stretching deformation, enabling the 3-1-direction
piezoelectric effect. The synclastic effect of the auxetic structure is applied in
flexible energy harvesting device for the first time, which makes the previously
untapped bending deformation on a film a valuable device for energy

1. Introduction

With the increasing application of
portable electronics and distributed
smart devices, it is crucial that the power
source needs to be upgraded to over-
come the inconvenience of frequent
charging. Traditional power sources such
as batteries that convert chemical energy
to electricity or electricity from fossil
fuels, are not environmentally friendly
in view of the need for frequent charging
in distributed devices. Low-cost energy
harvesters that can sustainably harvest
energy from the environment are needed
for the development of future electronics.

Among all the sustainable energy
sources, mechanical energy is the

harvesting and increases the bending output voltage of the PENG by 8.3
times. The auxetic structure-assisted PENG is also demonstrated as a sensor
to sense the bending angle and monitor the motion by mounting on different

joints of the human body and soft robotic finger.
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most widely distributed and ubiqui-
tous. It exists everywhere and can be
harnessed from the natural environ-
ment, human motion, and the vibration
of machines. To harvest mechanical
energy to power small devices, piezo-
electric nanogenerators (PENGs) and
triboelectric nanogenerators (TENGs)
are developed.'*  Different from
TENG that generates electricity by the coupling of contact elec-
trification and electrostatic induction, which requires different
materials to contact and separate,[>°! in PENG, the electricity is
generated from the internal polarization under external mechan-
ical deformation in a single piezoelectric material.'!l There-
fore, it can be lightweight for application in portable electron-
ics. For example, a piezoelectric polymer film like polyvinylidene
difluoride (PVDF) can generate several volts and power in mi-
crowatts, which cater for low-power devices such as tempera-
ture and light sensors, light emitting diodes (LEDs) or digital
watches, and the generated energy can be stored in batteries
or supercapacitors.*®1213] Moreover, as the electrical signal of
PENG changes with force, frequency, and strain, it is also a self-
powered sensor.['*1%] In all the piezoelectric materials, although
the piezoelectricity of piezoelectric polymers is not as high as the
piezoelectric ceramics, it has an advantage in fabricating energy
harvesters since it is flexible, not brittle, and lightweight, which
makes them having wide applications in electronic devices.!'-1]

Piezoelectric polymer-based PENGs have multiple energy-
generating modes according to the direction of the applied force
and the poling direction. Most of them use the 3-3 mode, which

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Schematic of a) synclastic and b) anticlastic effect. (c) The fabrication of the auxetic structure-assisted PENG: drop-casting, poling after gold
electrodes formation, 3D printing the auxetic structure, and energy harvesting. d) The structure of the auxetic-PENG device.

means the force is applied parallelly to the poling direction, and
the electrodes to collect the electric signal is also placed paral-
lel to the poling direction. For a typical 3-3 mode film PENG, the
force is applied by pressing on the film. The 3-1 mode is also used
in some PENGs, in which the force is applied perpendicular to
the poling direction, which allows the generation of energy by
stretching. However, the PVDF-family polymers with the high-
est piezoelectricity are not stretchable. They have only ~3% elas-
tic strain, the device is at risk of overstretching for the 3-1 mode
stretching energy harvesting.!"®*! Therefore, stretching mode en-
ergy generation is always used in devices made with composites
of piezoelectric oxide particles and non-piezoelectric elastomeric
matrix, which generally has lower piezoelectricity and energy har-
vesting performance than PVDF-based devices due to the damp-
ing effect of the elastic matrix.[*]

Structure designing is a promising strategy to overcome the
limitations of natural materials. It is found that the repeti-
tive macrostructures can affect various material properties, such
as the optical properties, thermal properties, and mechanical
properties,?2] and are therefore classified as metamaterials.
In mechanical metamaterials, auxetic structures are the most
widely used structure design, which can achieve a negative Pois-
son’s ratio that is rarely found in natural materials.[?*’] The most
basic auxetic structure consists of a bow-tie structure as a re-
peating unit, which expands in both the lateral direction and
the perpendicular direction to the applied tensile force.[2+26-28]
Auxetic strucutre is applied in rigid piezoelectric energy har-
vesters for enhancing the energy harvesting output via increasing
the strain on piezoelectric materials or reducing the frequency
range.?®-*%) Apart from rigid energy harvesters, auxetic structures
also have many applications in the soft electronics field. For ex-
ample, Jiang et al. developed a carbon nanotube-based piezore-
sistive sensor with an auxetic structure attached to the sensor
film.[*1 The auxetic structure can eliminate the Poisson com-
pression that squeezes the active materials, which can effectively
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enhance the sensitivity and reduce the noise. Fang et al. also re-
ported the PVDF energy harvester with a laser-cut auxetic struc-
ture, of which the resonance frequency is reduced due to the
larger compliance, and makes it suitable for higher efficiency in
low-frequency wind energy harvesting.[*!] For all the applications
of auxetic structure in soft electronic devices, the planar negative
Poisson’s ratio property is used, while the unique property of aux-
etic structure in the out-of-plane bending, namely, the synclastic
effect, has not been exploited. The synclastic effect happens by
forming a dome-shaped doubly curved surface when the auxetic
material is bent (Figure 1a). On the other hand, an uniform ma-
terial tends to form a single curved surface under bending, and
the materials with hexagonal honeycomb structures tend to form
an saddle-shaped surface (Figure 1b).[2]

In this work, taking advantage of the synclastic effect of aux-
etic structure, a film PENG that can generate electricity in the 3-1
mode under bending is developed with digital light processing
(DLP) 3D printing of the auxetic structure (Figure 1c). This un-
precedented approach allows auxetic-PENG to harvest energy in
the bending mode, which is not possible in typical piezoelectric
polymer-based film PENGs. The unique auxetic structure also
provides precise control of stretching strain without any over-
stretching. It can serve as a bending motion sensor for human
motion monitoring.

2. Results and Discussion

The structure of the auxetic-assisted PENG (Figure 1d) consists of
four layers, namely, the bottom electrode, piezoelectric material,
top electrode, and auxetic structure. The piezoelectric film can
be fabricated with many methods, including 3D printing, as dis-
cussed in our previous report.*?] In this work, the drop-casting
method is used to fabricate the piezoelectric layer, after which
the gold electrodes are deposited by sputter coating. Then, the
auxetic structure was deposited by DLP 3D printing of aliphatic
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urethane diacrylate to form a firm adhesion layer to the piezo-
electric film with the electrodes. The printed auxetic structure
is expected to guide the in-plane stretching deformation of the
piezoelectric device under bending.

PVDEF-based piezoelectric polymer is considered for its largest
piezoelectricity among all piezoelectric polymers and their good
flexibility. The piezoelectricity in PVDF originates from the pos-
itive and negative charge separation in the polymeric chains,
which created a metastable f phase at room temperature. Copoly-
mer systems are used to enhance the g phase crystallization,
for example, poly(vinylidene fluoride trifluoroethylene) (P(VDF-
TrFE), which enhances the piezoelectric coefficients. Adding
piezoelectric ceramic barium titanate nanoparticles (BTO NPs)
in the P(VDF-TrFE) matrix can further enhance the piezoelec-
tric coefficient by coupling effect.[“?l However, a long-time ultra-
sonic process is required to uniformly disperse the BTO NPs in
the P(VDF-TrFE) solution, and BTO NPs tend to precipitate af-
ter several hours. Additionally, at a high particle loading, there
are defects that cause the breakdown in the poling process and
severely affect the piezoelectricity of the material.[*]

Silane coupling agents are usually used for particle surface
modification of oxides. In this work, surface treatment of BTO
NPs was carried out with 3-(trimethoxysilyl)propyl methacrylate
(TMSPM) for better dispersion and bonding of the particles to
the P(VDF-TtFE) matrix. TMSPM is a molecule with a methoxy
group that can react with the BTO NPs via hydroxyl dehydra-
tion condensation reaction to form a covalent bond and cross-
linked structure on the particle surface.[*** In addition, the sur-
face modification of BTO NPs show better dispersion and longer
precipitation time due to the strong hydrogen bond formed be-
tween H and F atom in the matrix.[*>¢] 20 wt% TMSPM-surface-
modified BTO NPs (M-BTO NPs) are added into the P(VDF-TrFE)
matrix. During the film preparation, 70 mg mL~! M-BTO/P(VDF-
TrFE) was dispersed in dimethylformamide (DMF), cast on glass
slides and heated to 80 °C for solvent evaporation. At the same
time, BTO/P(VDF-TrFE) with 20 wt% BTO, and pure P(VDF-
TrFE) samples are prepared with the same processes and con-
ditions to serve as a reference to evaluate the effect of TMSPM
surface.

First, the dispersion of the NPs in the matrix is studied with
a scanning electron microscope (SEM) as shown in Figure Sla
(Supporting Information) and Figure 2a,b. From the SEM result,
without the surface modification on BTO NPs, aggregation of the
particles occurs (Figure 2a inset), which causes the nonunifor-
mity in the composite that can affect the mechanical and the di-
electric property. By contrast, the M-BTO/P(VDF-TrFE) sample
shows a perfect dispersion of the particles in the matrix without
any ultrasonic treatment of the solution (Figure 2b). The good
dispersion with M-BTO is also indicated by the stability of the
ink. The M-BTO/P(VDF-TtFE) ink does not separate into clear
layer and white layer after weeks, unlike what happens in the
BTO/P(VDE-TtFE) ink. The M-BTO/P(VDF-TrFE) drop-cast sam-
ple appears in a more whitish color than the BTO/P(VDF-TrFE)
sample that is semitransparent, indicating the uniform disper-
sion of the white BTO NP.

The crystalline structure information can be examined by X-
ray diffractometer (XRD). In Figure S1b of the Supporting In-
formation, the split of the peaks at 20 = 45° indicates both the
original BTO NPs and the M-BTO NPs are in the piezoelectric
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tetragonal phase,[*’] showing the surface modification does not
affect the crystallization of the nanoparticles. The peak at 26 =
20° in Figure 2c suggests the original drop-casted and annealed
P(VDEF-TYFE) is in the piezoelectric p phase, and it also shows
that after adding the BTO or M-BTO, the number and position
of the peaks are the same as the sum of the peaks of the single
BTO or M-BTO and P(VDF-TrFE) samples, indicating the piezo-
electric phases in the materials are not affected by compositing.
Due to the microstructure and crystal phase difference, the me-
chanical properties of the piezoelectric composite of the three
compositions are different, which is examined by tensile testing
(Figure 2d). The P(VDF-TrFE) has the largest tensile strength, but
after adding BTO NPs and surface-modified BTO NPs, the stress
and the strain at breakage are reduced. For all three materials, lin-
ear elastic deformation happens at low stress, and after the yield
point, nonlinear plastic deformation happens. The yield strain is
2.5%, 2.0%, and 1.5%, for P(VDF-TrFE), BTO/P(VDF-TrFE), and
M-BTO/P(VDEF-TrFE), respectively. To avoid plastic deformation,
the working tensile strain of the PENG should be controlled to
be smaller than the yield strain of the piezoelectric material.

Piezoelectric, ferroelectric, and dielectric properties of the
three compositions of samples are tested. The piezoelectric co-
efficient d;; was tested on the poled samples (Figure 2e), show-
ing that by compositing with BTO NPs, the mean value of the
piezoelectric coefficient increases from 17 to 27 pC N~'. While
with M-BTO NPs, the piezoelectric coefficient further increased
to 35 pC N1, which is twice that of the pure P(VDF-TtFE). To
figure out the reason for the high piezoelectric coefficient of the
M-BTO/P(VDF-TrFE) sample, the polarization-electric field loop
(P-E loop) is tested to evaluate the polarization process in the
samples (Figure 2f). During the test, the remanence polarization
of the M-BTO/P(VDF-TrFE) sample is around two times larger
than the other samples, and the saturation polarization is also
the largest, meaning more internal polarization can be achieved
in this material under the same poling electric field. The behav-
ior of a dielectric material under an electric field also depends on
the dielectric constant, and the dielectric constant of the samples
is tested (Figure S1c, Supporting Information). The result shows
that the mean value of the P(VDF-TtFE), BTO/P(VDF-TrFE), and
M-BTO/P(VDF-TrFE) samples, the dielectric constant is slightly
incremental, which is 14.9, 15.0, and 15.2, respectively.

According to the characterizations above, although there is a
reduction in the mechanical properties, the M-BTO/P(VDF-TrFE)
composition has an obvious improvement in the ink dispersion,
piezoelectricity, ferroelectricity, and dielectric property, compar-
ing with the composite with nontreated particles. Therefore, it
was chosen as the piezoelectric composite ink for the device fab-
rication. Herein, we propose to use the synclastic effect of aux-
etic structure to achieve energy harvesting by bending on the
film PENG. In this way, the energy harvesting mechanism under
bending can be transformed to the stretching deformation on the
whole piezoelectric film, by the synclastic effect of the 3D printed
auxetic structure. The strain on the piezoelectric film is highly in-
creased, and the 3-1 mode piezoelectric effect can be utilized for
bending energy harvesting, overcoming the limit of application
in the flexible polymer film PENGs.

Simulations were conducted to verify the presence of the syn-
clastic effect on the auxetic structure, the effect of auxetic struc-
ture on the stretching deformation of the piezoelectric film, and
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Figure 2. The SEM image of the cross-section of a) BTO/P(VDF-TrFE) (inset is taken at different position of the same sample, showing aggregates
of BTO particles), and b) M-BTO/P(VDF-TrFE) films. c) The XRD graph of pure P(VDF-TrFE), BTO/P(VDF-TrFE), and M-BTO/P(VDF-TrFE) films.
d) Tensile testing of the P(VDF-TrFE), BTO/P(VDF-TrFE), and M-BTO/P(VDF-TrFE) films. The e) piezoelectric coefficient ds3, and f) P—E loop of the
pure P(VDF-TrFE), BTO/P(VDF-TrFE), and M-BTO/P(VDF-TrFE) films. g) The 3D model of the auxetic-PENG for finite element analysis. Simulation
result of h) X-direction displacement and i) Y-direction displacement (unit: mm).

the stress distribution on the piezoelectric film. The maximum
strain on the piezoelectric film under bending can be estimated.
The material properties in the finite element analysis (FEA) soft-
ware COMSOL are set according to the experimental measure-
ment of the real materials (Table S1, Supporting Information), in
which the d;; measurement is explained in detail in Section S1
of the Supporting Information.

The 3D models in the FEA have the same dimension and shape
as the sample (Figure 2g). A normal bending process involves the
moving of two ends and the arch of the middle part. In this way,
the direction of the force on the two ends relative to the sample’s
longitudinal direction keeps changing. To simplify this process,
a cantilever-type bending was used, where one end of the sample
is fixed, and a certain displacement is exerted on opposite end
of the sample. When the sample with auxetic (5 unit cells along
Y-direction) structure is bent to 7 mm in —Z-direction on the
—X-edge (opposite to the fixed +X-edge), the local displacements
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along X- and Y-directions on the piezoelectric film are analyzed
(Figure 2h,i) to study the synclastic effect on the sample. Under
the cantilever type bending, positive displacement is found on
the piezoelectric film at +Y-direction, and negative displacement
is found on the piezoelectric film at —Y-direction (Figure 2i), in-
dicating the increase of the overall width along Y-axis (by the
distance between the new positions of the two edges) and the
expanding of the piezoelectric film in the —Y-direction. The ex-
pansion along Y-axis confirms the synclastic effect of the auxetic
structure and this expansion has been effectively transferred to
the piezoelectric film to guide the in-plain stretching of the film.
The X- and Y-direction stress on the piezoelectric film are also
analyzed (Figure S3a,b, Supporting Information). The stress on
each auxetic void throughout the piezoelectric film is very sim-
ilar, meaning the stress can be relatively uniformly distributed
throughout the whole film sample rather than concentrated on
the clamping line.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) The output voltage of the auxetic-PENG and PENG without auxetic structure under 5 mm bending displacement (17 mm bending curvature)
and 1.5 Hz frequency. b) Output voltage of bending the auxetic-PENG to 5 mm edge displacement measured by forward connection and inverse con-
nection of the oscilloscope. c¢) Output voltage, output current density, and d) output power density of the auxetic-PENG with load resistances from 1kQ
to 1 GQ at 5 mm bending displacement and 1.5 Hz frequency. e) The calculated and experimental f) output voltage on the piezoelectric film at different
prescribed —Z-bending displacement, which is plotted after converting to curvature. The g) output voltage and h) current density of the auxetic-PENG
with bending edge displacement from 3 to 11 mm, which is plotted after converting to curvature from 22 to 6 mm.

Since the piezoelectric film is flexible but not stretchable, the
maximum strain under bending is studied to see if the stretch-
ing on the film exceeds its elastic region (Figure S3c, Supporting
Information). With 11 mm —Z-displacement on the edge, the sur-
face average 1st principal strain to be 0.12%, and the larger local
strain on the piezoelectric film appears at the edge of the void area
of the auxetic structure, where the piezoelectric film is not over-
lapped with the auxetic layer, to be ~1%, which is smaller than the
yield strain of the M-BTO/P(VDF-TrFE) that is ~#1.5% (Figure 2d).
In order to further confirm that the bending with auxetic struc-
ture will not cause a strain that is larger than the yield strain of the
piezoelectric composite film, experiments were done to examine
the real overall in-plain strain on the heavily bent piezoelectric
film to be 0.24%, as explained in Section S2 of the Supporting
Information. With both the simulation and experimental results,
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it can be concluded that by using the auxetic structure to assist
the stretching of the piezoelectric film, the maximum strain can
be controlled at a low value to avoid damage of the device via
stretching.

To experimentally study the synclastic effect-induced bending
mode energy harvesting of the auxetic-PENG, a sample was bent
in the cantilever bending way with one edge clamped and the
opposite end pushed with a linear motor at 5 mm displacement
(17 mm curvature on the sample) and the generated voltage was
measured to be 1 V (Figure 3a, red line). Then the auxetic struc-
ture was peeled off and the same measurement was done on the
M-BTO/P(VDF-TrFE) film without the auxetic structure, result-
ing in the output voltage to be ~0.12 V (Figure 3a, blue line),
which is 8.3 times smaller than the auxetic-PENG. Since there
is a possibility that the output signal is from the triboelectric

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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effect, the moving probe of the shaker was grounded and the mea-
sured output voltage of the PENG forward and inverse connected
to the oscilloscope was compared. Figure 3b shows that the volt-
age signal measured by forward and inverse connection has the
same value and opposite peak form, meaning that the measured
results in this work consist of only the signal from the piezo-
electric effect. To find the best working condition of the device,
load resistances from 1 kQ to 1 GQ are connected in parallel with
the PENG, then the output voltage and current density are tested
with 5 mm bending displacement (17 mm curvature) and 1.5 Hz
frequency, as shown in Figure 3c. The output voltage decreases
with increasing load resistance, and the output current density
increases with increasing load resistance. The maximum instant
output power density is obtained by multiplying the output volt-
age and the output current density, as shown in Figure 3d. The
maximum power density at 5 mm bending displacement (17 mm
curvature) and 1.5 Hz frequency is 36 nW cm™? when the load re-
sistance is 100 MQ. To study the sensing properties by bending
on the auxetic-PENG, different displacement from 3 to 11 mm
on the —Z-direction is applied on the edge of the structure, which
causes a curvature of the PENG from 22 to 6 mm, and the volt-
age generated by piezoelectricity is calculated from the simulated
volume average stress (Section S3, Supporting Information). The
result shows that the output voltage is proportional to the bend-
ing displacement (Figure S5a, Supporting Information) and has
a quadratic relationship with the bending curvature (Figure 3e).
When the bending displacement is 3, 5,7, 9, and 11 mm (22, 17,
13, 9, and 6 mm curvature, respectively), the absolute value of
the calculated output voltage is 0.57, 0.96, 1.34, 1.72, and 2.10 V,
respectively. The predictable relationship between output voltage
and curvature indicates its potential to be a sensor.

Then experiments were done on the auxetic-PENG sample by
bending the sample to the same displacement as the simula-
tion. The output voltage is 0.64, 0.88, 1.24, 1.58, and 1.83 V, at
the 22, 17, 13, 9, and 6 mm curvature (3 to 11 mm bending dis-
placement), respectively, as shown in Figure 3f,g and Figure S5b
(Supporting Information), which has the same proportional rela-
tionship with bending displacement and quadratic relationship
with the bending curvature, and similar value compared to the
simulated value. The output current density is also tested for the
M-BTO/P(VDF-TtFE) samples at different bending displacement
(Figure 3h), showing that the current density also increases with
the larger bending displacement and smaller curvature, which is
16, 40,59 71, and 82 nA cm~ with 22, 17, 13,9, and 6 mm bend-
ing curvature respectively (3 to 11 mm bending displacement).

As the in-plane tensile strain on the piezoelectric film is caused
Dby the synclastic effect of the attached auxetic structure, the shape
factor of the auxetic structure should influence the magnitude of
the in-plane strain on the piezoelectric film. To study the aux-
etic structure size effect on the piezoelectric film in-plane strain,
simulation and experiments are done. In the simulation, 3, 5,
7, and 9 auxetic repeating units along the Y-direction, with the
same thickness along Z-direction are attached onto the piezoelec-
tric film (Figure S5¢—f, Supporting Information) and the volu-
metric strain on the piezoelectric film is analyzed, as shown in
Figure 4a,d. The material properties and the mechanical con-
ditions are all set the same as in the simulation above. From
the simulated strain distribution, it can be concluded that the
finer the auxetic structure, the more uniform the strain is on the
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film. The output voltage generated by the bending with different-
sized auxetic structures are also calculated from the volume av-
erage stress (Section S3, Supporting Information) and plotted in
Figure 4e. When there is 3-unit large auxetic structure, the calcu-
lated voltage is 1.45 V at 7 mm bending displacement, and when
the number of auxetic units increases to 5, 7, and 9, the calculated
output voltage decrease to 1.34, 1.27, and 1.17 V, respectively. A
fine auxetic structure leads to lower output voltage, which may
because the less concentrated strain at local areas. The auxetic
effect in the fine structure may suffer from more constraint by
the larger number of neighboring structures. Additionally, the re-
lationship between the output voltage and bending curvature is
analyzed by calculation. The output voltage of devices with aux-
etic structures in all sizes has a linear relationship versus the
bending displacement theoretically (Figure S5g, Supporting In-
formation), and the relationship is quadratic when the bending
displacement is converted to curvature (Figure 4f).

Experiments are done with two sizes of auxetic structures to
verify the simulation result. Output voltage of the auxetic-PENG
with 3, 5, 7, and 9 auxetic units are bent to displacements from
3 to 11 mm (bending curvature 22 to 6 mm) and the output volt-
age from the PENG is measured by an oscilloscope (Figures 3g
and 4g-i). For the PENG with 5-unit auxetic structure (4 mm
auxetic unit cell, 5 units), the output voltage increases from
0.64 to 1.83 V when the bending displacement increases from
3 to 11 mm (bending curvature from 22 to 6 mm) as shown in
Figure 3g. The sensitivity is 0.154 V mm™! by bending displace-
ment. When the auxetic structure is larger (6.7 mm auxetic cell, 3
units), the output voltage increases to 0.71-2.02 V and the sensi-
tivity increased to 0.165 V mm-™! for the same bending curvature
range, while for the PENG with smaller auxetic structure (2.9 mm
auxetic unit cell, 7 units) at the same bending condition, the out-
put voltage decreases to 0.55-1.73 V with bending displacement
3-11 mm. For even a smaller auxetic structure (2.2 mm aux-
etic unit cell, 9 units), the output voltage further decreases to
0.45-1.49 V. The sensitivity also decreases slightly to 0.148 and
0.125 V. mm™' (7 and 9 auxetic units, respectively) with the in-
crease of auxetic units and decrease of auxetic unit structure size,
as shown in Figure S5h of the Supporting Information. The trend
is the same as the simulation that smaller auxetic units cause a
lower output voltage and slightly lower sensitivity on the piezo-
electric film. Compared with other piezoelectric bending sensors
(Table S3, Supporting Information), the PENG bending sensor
in this work has the highest bending sensitivity and continuous
predictable relationship between voltage and curvature due to the
auxetic structure enhanced stress on the piezoelectric film.

To demonstrate the possible applications of the auxetic-PENG,
an auxetic-assisted M-BTO/P(VDF-TrFE) sample was used to
power a 1 uF capacitor by bending (5 mm displacement, 1.5 Hz
frequency) after rectification with a bridge rectifier (Figure 5a).
The capacitor is fully charged in 32 s, showing the energy harvest-
ing function of the auxetic-PENG. Most nanogenerators working
with bending motion utilize the stretching on the nanogenera-
tor by attaching it on the outer surface of the bending object.
Different from the existing nanogenerators, this auxetic-PENG
can harvest energy from bending objects by attaching to the in-
ner surface of the bending object because the mechanism is the
synclastic effect rather than the large stretching on the device,
which avoids the repetitive overstretching and damage of the
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Figure 4. Simulated volumetric strain of the auxetic-PENG with a) 3 units, b) 5 units, c) 7 units, and d) 9 units of auxetic structure. The purple dashed
line indicates the fixed constraint on the edge in X-direction, and the orange arrows represent the prescribed displacement on the -X-edge. e) Calculated
output voltage of auxetic-PENG with different number of auxetic units under 7 mm bending displacement. f) Calculated output voltage of auxetic-PENG
with different number of auxetic units and different bending curvatures. Experimental output voltage of auxetic-PENG with g) 3 auxetic units, h) 7 auxetic
units, and i) 9 auxetic units with bending edge displacement from 3 to 11 mm, which is plotted after converting to curvature from 22 to 6 mm (bending

frequency 1.5 Hz).

sensor at the outer surface of the bending object. With much less
stretching strain on the sensor, less fatigue and a longer lifetime
can be expected. Additionally, materials selection can be broad-
ened where flexible materials without high stretchability are able
to be used as bending sensors. This also provides more options
for the bending nanogenerator or sensor to be applied in all the
conditions such as when the outer surface is not suitable for
attaching sensors. As shown in Figure 5b-d, the auxetic-PENG
was mounted on the outer surface of a cabinet door to demon-
strate the energy harvesting from the door-open/close motions
as a bendable sensor.

The auxetic-PENG also has the potential to be applied in wind
energy harvesting. As a comparison, the auxetic-PENG and the
PENG without auxetic structure are tested with a wind tunnel
under ~0.72 m s™! wind velocity. As shown in Figure 5e,f, the
output voltage of the auxetic-PENG is ~0.8 V. It is four times
larger than the output voltage of the PENG without the auxetic
structure that is 0.2 V. Taking the advantage of the flexibility

Adv. Energy Mater. 2023, 13, 2301159 2301159 (7 of 10)

and sensitivity of the auxetic-PENG, it can be a self-powered sen-
sor for physiological monitoring to sensing human motion by
attaching it on the inner side of the joints of the human body
that involve bending motion. The auxetic-PENG was attached to
the neck, elbow, ankle, knee, and finger of the human body to de-
tect the bending motion at these joints (Figure 5g). In the experi-
ment, the finger is bent to £30°, 60°, and 90°, and the output volt-
age of the auxetic-PENG is =1, 3.5, and 5 V, respectively, which
shows that the body bending condition can be detected with this
auxetic-PENG. Therefore, the auxetic-PENG can be used in self-
powering systems for personal health assessment and medical
diagnostics that require monitoring bending angle, such as joint
motion monitoring, gait monitoring, etc. The auxetic-PENG can
also be a promising candidate for use as a bending sensor in
soft robotics due to its output stability, bending signal amplifica-
tion by the synclastic effect of auxetic structure, lightweight, com-
pliant, and self-powering characteristics, which distinguishes it
from the triboelectric, piezoresistive, and capacitive sensors. As

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Demonstration of the applications of the PENG. a) The measured voltage of a 1 puF capacitor charged by the fabricated auxetic-PENG. b) Voltage
signal generated from the auxetic-PENG during the c) closing and d) opening of a cabinet door, wind energy harvesting with the e) auxetic-PENG, and
f) PENG without auxetic structure. g) Demonstration of the applications of the PENG: finger bending angle sensing and body motion sensing of the
auxetic-PENG at the neck, elbow, ankle, and knee (IRB-2017-08-038-2). h) A photo of the auxetic-PENG attached on a soft gripper. i) The auxetic-PENG

sensing the bending curvature of the soft gripper.

shown in Figure 5h, the auxetic-PENG (6.7 mm auxetic cell, 3
units) was attached to a pneumatic soft gripper finger. It pro-
vides a real-time feedback on the bending curvature of the grip-
per finger (Figure 5i; Video S1, Supporting Information). When
the bending curvature is 30 mm, the output voltage is 0.3 V,
and when the bending curvature increases to 25 mm, the output
voltage is ~0.7 V, showing its great potential in smart soft-robots.

3. Conclusion

In conclusion, an auxetic structure-assisted piezoelectric nano-
generator and sensor based on surface-modified BTO NPs and

Adv. Energy Mater. 2023, 13, 2301159 2301159 (8 of 10)

P(VDEF-TrFE) composite is developed in this work. It was found
that the TMSPM modification of BTO NP enhances the piezo-
electricity, ferroelectricity, and dielectric constant of the com-
posite, compared with the composite of the nonmodified BTO
NP/P(VDF-TrFE), because the more uniform distribution of the
modified particles in the P(VDF-TrFE) matrix enhances the force
transfer to BTO NP. The synclastic effect of the auxetic struc-
ture was applied for the first time to enable the bending en-
ergy harvesting mode with the piezoelectric effect in the 3-1 di-
rection, which is not possible on a typical nonstretchable piezo-
electric polymer-based film energy harvester. The output volt-
age and current density at an 11 mm edge displacement in the
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cantilever-type bending are respectively 1.83 V and 82 nA cm~2.

The maximum power output of the auxetic structure-assisted
bending piezoelectric nanogenerator can be achieved at 100 MQ
load resistance. The output voltage is linear with bending dis-
placement and quadratic with the bending curvature, showing
the sensing ability. The size factor of the auxetic structure is
studied by both simulation and experiment showing a finer aux-
etic structure results in a lower output. The study of the auxetic
structure form factors on the bending energy harvesting perfor-
mance provides a guideline for the optimization and customiza-
tion of the auxetic-PENG. For application, this auxetic-PENG was
demonstrated to be useful as an energy harvester as well as a self-
powered sensor for physiological monitoring for personal health
assessment and medical diagnostics.

4. Experimental Section

Materials: BTO NPs (Nanostructured & Amorphous Materials, Inc.)
with a diameter of ~200 nm were surface modified with TMSPM (98%,
Sigma-Aldrich) by mixing 1 mL TMSPM, 50 mL ethanol, 1 mL acetic acid,
9 mL deionized water, 1 g BTO NP, sonicating in a bath sonicator (S60H,
Elmasonic) for 30 min, and stirring for 24 h. Then, the modified powders
were washed with ethanol twice with a centrifuge (Sorvall ST 16, Thermo
Scientific) and dried at room temperature. To form a drop-casting solution,
P(VDF-TrFE) (70-30 wt%) powders (Piezotech Arkema Group) were mixed
into DMF (Sigma-Aldrich) by magnetic stirring for 1 h with a concentra-
tion of 70 mg mL~". Then, the M-BTO NPs were added to the solution ac-
cordingly. The mixture was manually stirred for good dispersion. To form a
piezoelectric film, the solution was drop-casted on 2 cm x 2 cm glass slides
at 80 °Cfor 1h and annealed at 120 °C and 2 h for crystallization of P(VDF-
TrFE). Then, 1 cm X 1 cm gold electrodes were sputter-coated onto the
top and bottom sides of the drop-casted piezoelectric film. The piezoelec-
tric film with electrodes was poled with an amplifier/controller (Trek 610E
H.V.) under a 50 V um~" electric field at 100 °C. The ink for 3D printing aux-
etic structure was prepared with 98 wt% oligomers (Ebecryl 8402, Allnex),
and 2 wt% photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine ox-
ide (Sigma-Aldrich, 97%, St. Louis, USA) by manual stirring. The Ebecryl
8402 oligomers were chosen because it has good flexibility, toughness, and
excellent adhesion to different substrates, so that it can attach to both the
piezoelectric material and the electrode well.

Printing: The 3D model of the auxetic structure was built with the soft-
ware Inventor 2018 (Autodesk, Inc.) and printed with a digital light projec-
tion (DLP) 3D printer (Pico 2, Asiga). The drop-casted piezoelectric film
with electrodes was stuck as a substrate onto the printing stage with tape.
During printing, the ink was filled into the ink container and UV light was
projected onto the substrate to selectively cure the oligomer to form an
auxetic polymer onto the piezoelectric film. After printing, the sample was
wiped with ethanol and exposed to UV with a UV lamp (365 nm wave-
length, 40 W, ASG 400, Asiga) for 3 min for full curing.

Characterizations: The crystallographic phase of the materials was
characterized by a powder XRD (Shimadzu XRD 7000). The morphology
of the materials and samples was characterized with a field-emission SEM
(Joel 7600F). The mechanical properties were tested by a mechanical tester
(Instron 5567) with tensile extension mode. The longitudinal mode piezo-
electric coefficient (ds3) of the samples was tested by a standard static
piezoelectric constant measuring instrument (Sinocera YE2730). The en-
ergy harvesting performances were evaluated by bending the device in the
manner shown in Figure S6a—b of the Supporting Information, and analyz-
ing the output signals measured by a customized system, including a func-
tion generator (YE 1311, Sinocera), a signal amplifier (YE5878, Sinocera),
a magnetic shaker (JZK-20, Sinocera), an oscilloscope (MDO 3024, Tek-
tronix), and an electrometer (6517B, Keithley), with the circuit shown in
Figure S6c of the Supporting Information. The load resistance for the mea-
surement of output at different bending curvature is 100 MQ. The dielec-
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tric constant of the samples was measured with a precision impedance
analyzer (4294A, Agilent), and the P-E loop was measured with a ferro-
electric test system (P-LC and P-HVI4K, Radiant Technologies and 609E-6,
Trek). To charge a capacitor using the PENG, the device was connected to
a bridge rectifier and then was connected to a capacitor, as shown in Figure
S6d of the Supporting Information. For the demonstration of body motion
sensing, the device was mounted on the human body with tape. This study
was approved by the Institutional Review Board (IRB) at Nanyang Techno-
logical University (IRB-2017-08-038-2). Informed signed consent was ob-
tained from all the participants.

Simulation:  Finite element analysis was performed to the 3D model
using the software COMSOL Multiphysics (COMSOL, Inc.). The elec-
trodes were ignored because the thickness of sputtered gold electrodes
was negligible. The contact between the auxetic structure and the piezo-
electric film was set to union. Solid mechanics physics was used, and
the models were divided into hexahedrons. The Young’s modulus, Pois-
son’s ratio, relative permittivity, and piezoelectric coefficients dj3 and dj;
of piezoelectric film were obtained from the experiment, as shown in Table
S1 of the Supporting Information, and transformed into the elastic matrix
and coupling matrix. All the structures were constrained with all degrees
of freedom on the right (+X-direction) surface and displacement was ap-
plied on the opposite left (—X-direction) surface to all the structures along
—Z-direction.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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